Abstract Stroke is a brain damage caused by a loss of blood supply to a portion of the brain, which requires prompt and effective treatment. The current pharmacotherapy for ischemic stroke primarily relies on thrombolysis using recombinant tissue plasminogen activators (rt-PAs) to breakdown blood clots. Neuroprotective agents that inhibit excitatory neurotransmitters are also used to treat ischemic stroke but have failed to translate into clinical benefits. This poses a major challenge in biomedical research to understand what causes the progressive brain cell death after stroke and how to develop an effective pharmacotherapy for stroke. This brief review analyzes the fate of about 430 potentially useful stroke medications over the period and describes in detail those that successfully reached the market. Hopefully, the information from this analysis will shed light on how future stroke research can improve stroke drug discovery.
Introduction
Stroke is the leading cause of death and long-term disability in China with a population of stroke patients over 7 million 1, 2 . With the rise in prevalence and trend towards younger patients, stroke prevalence in China varies from 260 to 719 per 100,000 people for all ages 3 . According to the Report on Chinese Stroke Prevention released in 2015, approximately 15% of people over 40 are at high risk of stroke with a comprehensive standardized prevalence of stroke between 2011 and 2013 of about 2% and an 8.1% rise in prevalence 1, 4 . The prevalence of stroke patients in urban areas is higher than in rural areas and people in the North of China have a higher prevalence than those in the South 1, 5 . On the basis of World Bank Data, China will have 31.77 million stroke patients by 2030 costing the country as much as $40.0 billion per year.
Stroke is classified into either ischemic stroke affecting approximately 87% of patients or hemorrhagic stroke affecting the other approximately 13% 6 . Ischemic stroke is caused by a reduction in cerebral blood supply, whereas hemorrhagic stroke results from the rupture of a blood vessel in the brain causing bleeding into the brain or subarachnoid space. For hemorrhagic stroke, neurosurgery is required to treat the bleeding. For ischemic stroke, current interventional treatment regimens mainly include blood pressure management, catheter-based interventions, thrombolytic therapy, anticoagulation therapy, defibrinogen therapy and pharmacotherapy to improve cerebral blood circulation. This review is limited to drug therapy of ischemic stroke, which aims to restore blood flow.
In an effort to gain insight into what makes a stroke drug succeed in reaching the market, we have examined the fate of about 430 potential stroke drugs evaluated over the past twenty years . The analysis was based on data reported from the Addis Insight Database deposited by December 25, 2015 . We found that approximately 300 drug candidates (70%) were discontinued, about 70 (17%) are undergoing preclinical assessment, 40 (9%) are in various phases of clinical trials and only 19 (4%) have reached the market (Fig. 1) .
The 430 drug candidates can be divided into two main categories based on their mechanism of action: thrombolytics and neuroprotective agents. Thrombolytic therapy aims at removing the thrombus blockage and includes drugs that act as plasminogen activators, antithrombotic agents and platelet aggregation inhibitors. Neuroprotective agents aim to halt the ischemic cascade and prevent secondary injuries or at least decrease the loss of vulnerable neurons in the ischemic penumbra 7, 8 . Neuroprotective agents act by various mechanisms including as antioxidants, neuron stimulants, calcium channel antagonists and free radical scavengers.
Drugs discontinued in clinical trials
Analyzing the 300 drug candidates that did not reach the market reveals several interesting aspects. First, 72 (24%) drugs were thrombolytics and included inhibitors of thrombin, factor Xa, platelet aggregation and serine endopeptidase (Fig. 1) . Of the remaining 228 failed drugs, 74 (32%) were central nervous system neuroprotective agents with putative ability to either limit the toxicity of the major excitatory neurotransmitter glutamate 9 or act as calcium channel antagonists. An example of the latter is the atypical analgesic ziconotide (trade name Prialt), derived from the toxin of the cone snail as the synthetic form of an ω-conotoxin peptide. It was originally launched by Elan Corporation for the treatment of severe chronic pain where it acts as a selective N-type voltage-gated calcium channel blocker 10 . Phase III clinical trials Figure 1 The landscape of ischemic stroke drug discovery and therapy over the period 1995-2015. (A) The classification of 430 drug candidates by pie chart based on the mechanism of action: (B) the 4% of drugs on the market; (C) the 9% undergoing clinical trials; (D) the 17% undergoing preclinical evaluation and (E) the 70% of failed drug candidates.
for the prevention of ischemic brain damage following stroke and severe head trauma have been carried out in the United States, Europe and Japan 11 . The classical neuronal excitotoxicity theory is based on the observation that cerebral ischemic injury causes the release of L-glutamate. This then activates ionotropic glutamate receptors (iGluRs) and leads to an overload of Ca 2þ influx that ultimately aggravates ischemic injury and neuronal apoptosis 12 . It has been hypothesized that the excitotoxicity is mediated by three main glutamate receptor subtypes viz. the N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate receptors. Activation of these receptors is known to result in neuronal cell death by excessive calcium influx, and that antagonistic action at iGluRs may promote the survival of neurons 13 . The competitive NMDA antagonist selfotel [14] [15] [16] and the noncompetitive NMDA antagonist aptiganel 17, 18 were effective in preclinical studies but ineffective in clinical use 16, 19 . Of the AMPA antagonists ZK 200775 20, 21 and YM872, the first was discontinued in a phase II clinical trial for stroke in Europe in 1999 and the second even never reached clinical trial evaluation because of its severe side effects 22 . Over the past twenty years, all putative NMDA receptor antagonists aimed at stroke treatment have failed in clinical trials 23 . This strongly suggests that the neuronal excitotoxicity is mediated by a non-NMDA mechanism, which could involve proton-sensitive ion channels/exchangers. These include the acidsensing ion channel 1a (ASIC1a) 24 , proton-sensitive cation channels, ion exchangers 25 and transient receptor potential (TRP) channels. The latter include transient receptor potential canonical (TRPC) 3/4/6 channels, transient receptor potential melastatin (TRPM) 2/4/7 channels and transient receptor potential vanilloid (TRPV) 1/3/4 channels [26] [27] [28] [29] [30] . Thus drugs that act through nonglutamate-related mechanisms may represent an alternative strategy for stroke drug discovery.
Drugs currently undergoing clinical trials
There are about 40 drug candidates currently in clinical development, of which 14 (35%) are in phase I, 15 (38%) in phase II and 11 (27%) in phase III clinical trials. In terms of their mechanism of action, the drugs include 13 (32%) thrombus-related candidates and 27 neuroprotective agents (68%). The thrombus-related drug candidates include inhibitors of carboxypeptidase U, factor Xa and thrombin, whereas the neuroprotective agents act mainly as cell replacements, antioxidants and potassium channel antagonists.
Edaravone, first developed by the Mitsubishi Corporation, is a free radical scavenger which protects against cerebrovascular damage. Borneol, described in the Bencao Gangmu (Compendium of Materia Medica), is a terpene bicyclic organic compound used in traditional Chinese medicine (TCM) as moxa. Simcere, a Shanghai-based company, introduced the new idea of using edaravone combined with borneol to treat acute ischemic stroke. The novelty is that borneol enhances the ability of edaravone to scavenge free radicals through accelerating its distribution. From 2013 to 2015, Simcere enrolled 400 acute ischemic stroke patients in a phase II clinical trial to determine the efficacy of the combination (NCT01929096; SIM-23-01) 31 . Subsequently, Simcere initiated a phase III trial to evaluate the safety and efficacy of the combination (NCT02430350; SIM-23-02) 32 intending to enroll about 1200 patients. This interesting combination raises the possibility that combining a natural TCM with a small molecule medicine is a useful strategy for the development of effective stroke pharmacotherapy.
Drugs currently in clinical use
As shown in Table 1 , there are 19 stroke drugs currently marketed in various countries. Among them, 11 are thrombus-dissolving agents divided into three categories, namely rt-PAs, antithrombotic agents and platelet aggregation inhibitors. The remaining 8 drugs are neuroprotective agents that include antioxidants, TCMs, calcium channel antagonists and neurostimulants. As regards their route of administration, 14 are used orally and 5 by intravenous injection, suggesting that most drugs are used to prevent stroke and its reoccurrence.
Considering where the drugs were launched, the United States ranks number 1 for the number of drugs launched followed by Europe and then Asia with China ranked in the 10th place. The top three organizations for the development of stroke drugs are Boehringer Ingelheim, Mitsubishi Tanabe Pharma Corporation and Pfizer.
The 11 drugs for thrombolysis can be divided into three categories: rt-PAs, antithrombotic agents, and platelet aggregation inhibitors.
Recombinant tissue plasminogen activators (rt-PAs)
The rt-PAs for the treatment of acute ischemic stroke include alteplase, reteplase, and tenecteplase 33 . Alteplase developed by Boehringer Ingelheim and approved in 1996 is a recombinant tissue-type plasminogen activator/serine protease that catalyzes the conversion of plasminogen to plasmin resulting in clot breakdown. It is used clinically to treat embolic or thrombotic stroke but not hemorrhagic stroke or head trauma. Reteplase is more convenient to administer and produces a more rapid thrombolytic effect than alteplase. Tenecteplase gives rise to fewer bleeding complications but has a similar mortality rate after one-year treatment to that of alteplase. Other rt-PAs such as desmoteplase are still in clinical development.
In July 2015, the Medicines and Healthcare Products Regulatory Agency (MHRA) reconfirmed that the benefits of alteplase outweigh the risks of acute ischemic stroke 34 . This positive conclusion was based on evidence and reviews of clinical trials [35] [36] [37] . Nevertheless, due to its narrow therapeutic window of 4.5 h and the high risk of intracranial hemorrhage, only about 5% of stroke patients benefit from alteplase treatment 25 .
Antithrombotic agents
There are currently five antithrombotic agents in clinical use including argatroban, rivaroxaban, apixaban, dabigatran etexilate, and edoxaban 38, 39 . Argatroban is a potent, reversible thrombin inhibitor used in Japan since 1996. Rivaroxaban is the first orally available direct factor Xa inhibitor launched in 2013. Apixaban, another oral pyrazole-based factor Xa inhibitor, was launched in 14 countries in late 2014 (December 31). It provides greater thrombin inhibition and a better tolerability profile than conventional antithrombotic drugs such as warfarin [40] [41] [42] . Dabigatran etexilate, the oral double prodrug of dabigatran, is a new generation of oral anticoagulant that has been marketed by Boehringer Ingelheim in 14 countries since 2015 for stroke prophylaxis. Edoxaban, a small molecule compared with anticoagulants like heparin and warfarin, is expected to have better oral absorption and a lower risk of bleeding. Daiichi Sankyo launched the product in 2015 in China, Japan, the United States and United Kingdom. Aspirin is an irreversible cyclooxygenase inhibitor undergoing development as a once-daily controlled release formulation for secondary stroke prevention. A combination of aspirin and dipyridamole has been developed to reduce the risk of ischemic stroke recurrence. Another combination medication for stroke prevention is the so-called Polycap, a "five-in-one" capsule launched in India by Cadila Pharmaceuticals Ltd. in August of 2009. The Polycap contains atenolol, ramipril, hydrochlorothiazide, aspirin and simvastatin 43, 44 , each of which has been previously shown to reduce cardiovascular events. The advantage of Polycap is its potential to prevent stroke in high risk patients with hypertension, diabetes, dyslipidemia, and smoking.
Neuroprotective agents
There are several neuroprotective agents available for the treatment of ischemic stroke, including natural products, ion channel regulators and endogenous metabolites. Their primary aim is to alleviate excitotoxicity, calcium dysregulation, mitochondrial dysfunction, oxidative and nitrosative stress and inflammation. In addition, they act to relieve tissue acidosis, blood-brain barrier disruption, and neuronal apoptosis, necrosis and autophagy 45 .
Natural products
Gingko mihuan is a TCM launched as a proprietary prescription oral liquid by Tianyin Pharmaceuticals in 2012. The product contains flavonoid and terpenoid gingko extracts. Flavonoids have been shown to possess potent antioxidant activity and are useful in reducing capillary fragility. Terpenoids are reported to inhibit platelet activating factor and reduce blood viscosity associated with certain cardiovascular disorders. Gingko Mihuan Oral Liquid was approved by the China Food and Drug Administration (CFDA) in 2012 and is commonly prescribed for the treatment of stroke. Tianyin Pharmaceuticals also plans to develop capsule and tablet formulations of Gingko mihuan. In August 2012, Dexa Medica, Indonesia introduced an oral tablet containing a bioactive protein fraction extracted from Lumbricus rubellus (red earthworm) as an anticoagulant for the treatment of ischemic stroke. The extract contains eight under 100 kDa proteins, one of which is a serine protease enzyme with thrombolytic and fibrinolytic effects similar to those of lumbrokinase 46 . In November 2014, Dexa Medica began phase II/III trials to assess the effects of the medication in patients with acute ischemic stroke (NCT01790997 47 ; NCT02133521 48 ). Butylphthalide (3-n-butylphthalide, NBP), isolated from the seeds of celery, is another natural product found to protect against ischemic brain injury by increasing blood flow 49, 50 . In 2005, NBP was approved by the CFDA to undergo clinical trials for the treatment of cerebral ischemia. Currently, a phase IV clinical trial is ongoing 51 .
Ion channel regulators
Ion channels are membrane proteins that mediate ionic homeostasis in neurovascular units during ischemic stroke. An excess of sodium influx to neurons induces nerve cell swelling and leads to cytotoxic edema. Intracellular calcium overload can trigger a series of pathological events that ultimately result in neuronal apoptosis as well as necrotic death. An unchecked outflow of potassium changes neuronal polarization and excitability. Therefore, modulation of ion channel function is a novel approach to the treatment of stroke. Fasudil mesylate, developed by QR Science and Technology, is an injectable formulation approved by the CFDA in 2013 for the treatment of cerebral infarction. The mechanism of action includes inhibiting a rho-kinase 52 , vasodilation 53 and influencing intracellular calcium. Fasudil has been shown to enhance motor recovery after ischemic stroke caused by middle cerebral artery occlusion in rats 54 . It was also shown to reduce ASIC1a expression and calcium currents in the treatment group. This indicates that fasudil influences intracellular calcium levels through regulating the ASIC1a channel 55 .
Other neuroprotective agents
Nootropics, also called smart drugs or cognitive enhancers, are supplements or endogenous substances that improve cognitive function and behavioral outcome in healthy individuals and patients probably by promoting neurogenesis or decreasing neuronal death. Supplementing endogenous substances, such as neurotrophic factors, intermediates of phosphatidylcholine and urinary kallidinogenase, may constitute an effective approach for alleviating stroke symptoms. Cerebrolysin is a mixture of low molecular weight peptides and amino acids derived from pig brain that has been shown to facilitate neural growth and survival of cholinergic neurons. The drug mainly consists of brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF), and ciliary neurotrophic factor (CNTF) 56 . It improves neurological outcome through neurogenesis induced by proliferation, differentiation, and migration of adult subventricular zone neural progenitor cells through the PI3K/Akt pathway 57 . Cerebrolysin was approved in March 2000 in Austria and Germany for the treatment of stroke. However, at the present time, there is insufficient evidence to evaluate the effects of cerebrolysin on survival and dependency in people with acute ischemic stroke. This will require a high-quality, large-scale, randomized clinical trial 58, 59 . Citicoline, a derivative of choline and cytidine, is a psychostimulant or nootropic. It is an intermediate in the biosynthesis of phosphatidylcholine, an important component of the neural cell membrane that is degraded to free fatty acids and free radicals during cerebral ischemia. Its neuroprotective action may involve increasing phosphatidylcholine synthesis, stimulating glutathione synthesis to scavenge hydroxy radicals, and reducing the elevated levels of arachidonic acid that occur after an ischemic stroke 60 . An oral syrup of citicholine was launched in more than 20 countries around the world for the treatment of ischemic stroke in 1998. Subsequently, intravenous and intramuscular formulations of the drug were approved in Argentina, Austria, Chile, Indonesia, Mexico, Portugal, Thailand and Venezuela in 2013. However, in some placebo-controlled studies, citicoline was found to be ineffective in the treatment of moderate-to-severe acute ischemic stroke 61, 62 . Kailikang is an injectable formulation of urinary kallidinogenase developed by Techpool Bio-Pharma, Guangzhou, China. It is a proteolytic enzyme extracted from human urine that converts kininogen to kinin and kallidin in the treatment of thrombotic cerebral infarction. The product has been shown to expand arteries in vitro, inhibit platelet aggregation, promote deformability and oxygen separation ability of haemocytes, and inhibit apoptosis and inflammation 63 . Due to its efficacy, the product was launched in China in 2005 64 .
Concluding remarks
Analyzing the fate of 430 drugs evaluated for the treatment of ischemic stroke over the period 1995-2015 reveals that only 19 drugs (4%) were successful in reaching the market. Among them, 11 drugs are antithrombotic and 8 are used for stroke prevention. This indicates thrombolytic therapy remains the dominant form of pharmacotherapy for ischemic stroke. Based on the mechanism of action of the failed candidates, it appears that drugs targeting non-NMDA-mediated calcium transport represent a promising strategy for stroke drug discovery. For example, fasudil mesylate improves neurological deficit and neuronal damage in rats by inhibiting ASIC1a. The cocktail of Polycap that combines five different medications in a single, once-a-day pill is also used for preventing strokes, suggesting combined medications may be worth further exploration. One such combination containing edaravone and borneol is currently undergoing a phase III clinical trial, the outcome of which certainly deserves attention.
It is also noteworthy that natural products, such as Gingko mihuan and Lumbricus rubellus extract, have been approved for stroke protection and treatment. This suggests that drugs with multiple targets have potential for neuronal protection and effective pharmacotherapy of ischemic stroke.
